Introduction
Programmed Cell Death (PCD) is an active process of cellular self-destruction and serves developmental or homeostatic functions Thompson, 1995) . Apoptosis, which has been de®ned from morphological considerations (Kerr et al., 1972) , is the most often encountered form of PCD, though not the only one (Clarke, 1990; Schwartz et al., 1993) , and can be induced by a wide range of stimuli. During the subsequent eector phase, the numerous apoptosisinducing stimuli seem to converge onto a few stereotypical pathways, and beyond a certain point the cells become irreversibly committed to death. During the successive degradation phase, vital structures and functions are destroyed giving rise to the fullblown phenotype of apoptosis . At the nuclear level, apoptosis is typically accompanied by condensation and fragmentation of chromatin and nucleus. Cytoplasmic boiling, a marked convolution of the cellular surface and the development of pedunculated protuberances that separate to produce membrane-enclosed apoptotic bodies, is also seen.
Apoptosis is morphologically and biochemically distinct from another type of cell death known as necrosis. The main features of necrosis are rapid organelle swelling leading to rupture of the cell and spillage of its content into the extracellular environment. A cell undergoing necrosis can thus provoke an in¯ammatory response. It is generally considered that the degenerative process of cell death by necrosis is a relatively uncontrolled and passive death that usually is a result of severe molecular and/or structural damage to cells or of a gross perturbation to the cellular environment. Nevertheless, morphological description of necrosis is reminiscent of a type of developmental cell death referred to by Clarke (1990) as type 3A. Moreover, necrosis can also be induced by physiological factors as TNF-a and thus may also be one mode of programmed cell death.
Genetic studies of PCD in the nematode Caenorhabditis elegans provided evidence that PCD involves a cell-intrinsic death programme (Ellis et al., 1991) . Among the 14 identi®ed genes participating in C. elegans developmental PCD, three were found to act during the eector phase: ced-3 and ced-4 which are required for PCD and ced-9 which is a suppressor of PCD. ced-3 is homologous to the interleukin-1-bconverting enzyme (ICE) gene family encoding cysteine proteases involved in mammalian apoptosis (Kumar, 1995) , ced-4 has no mammalian homologue identi®ed so far and ced-9 is homologous to the mammalian bcl-2 gene family (Hengartner and Horvitz, 1994) .
Bcl-2, like Ced-9, is a negative regulator of cell death, able to prevent cells from undergoing apoptosis induced by various stimuli in a wide variety of cell types (Korsmeyer, 1992; Zhong et al., 1993) . But the mechanism(s) by which Bcl-2 modulates apoptosis is not yet well known and several con¯icting theories have been proposed. bcl-2 is one member of a growing multigene family, with multiple representatives in mammals, among which is bax. A widely accepted model postulates that homodimers of Bax promote apoptosis, and that the functional eect of Bcl-2 is to form competing heterodimers with Bax that cannot promote apoptosis Sedlak et al., 1995) . However, in some systems, Bax binding by Bcl-2 was not sucient to prevent apoptosis. Bcl-2 has been localized to the cytoplasmic surfaces of the nuclear envelope, the endoplasmic reticulum and the outer mitochondrial membrane (Chen et al., 1989; Hockenbery et al., 1990; Krajewski et al., 1993; Nakai et al., 1993; Akao et al., 1994; de Jong et al., 1994) . This membrane association is of functional signi®cance as mutant Bcl-2 molecules lacking this membrane anchorage capacity are less eective at preventing apoptosis in some systems (Borner et al., 1994; Nguyen et al., 1994) . Indeed, recent studies (Zhu et al., 1996) have reported that, in inhibiting apoptosis in MDCK cells, a mutant Bcl-2 molecule whose anchorage is targeted speci®cally to the mitochondria is as eective as the wild type protein, whereas mutant Bcl-2 targeted to the ER loses this capacity. In contrast, Bcl-2 targeted to the ER in the Rat-1/myc ®broblasts proved to be more active than when targeted to mitochondria. Thus, Bcl-2 mutants with restricted subcellular location reveal distinct pathways for apoptosis depending on cell type. Alterations of mitochondrial functions have been described as early events of apoptosis in diverse models Petit et al., 1995; Zamzami et al., 1995) and it has been shown that Bcl-2 can counteract these events Zamzami et al., 1996b) . Since Bcl-2 blocks apoptosis in cells that do not contain a functional respiratory chain (cells lacking mtDNA), it has been concluded that the Bcl-2 activity is not directly related to mitochondrial respiration (Jacobson et al., 1993) . It has also been suggested that Bcl-2 can control levels or eects of reactive oxygen species (ROS), essentially generated from the respiratory chain at the mitochondrial level, through an antioxidant pathway (Hockenbery et al., 1993; Kane et al., 1993) . But apoptosis can proceed normally, and can be prevented by Bcl-2, under anaerobic conditions which minimise the formation of ROS (Jacobson and Ra, 1995; Shimizu et al., 1995) . It is possible that Bcl-2 acts in more than one way either to prevent the induction of apoptosis by dierent stimuli or to control dierent aspects of the apoptotic eector pathway. Nevertheless, taken together and despite the con¯icting theories, all these results are in agreement with a central role of mitochondria in the apoptotic process and bring to the fore the action of Bcl-2 as possible regulator of apoptosis at the mitochondrial level (Susin et al., 1996; Wang et al., 1996; Kluck et al., 1997; Yang et al., 1997) .
Hsp27 belongs to the family of small stress proteins (hsps) whose synthesis is induced or stimulated by heat shock (Ciocca et al., 1993; Arrigo and Landry, 1994; Arrigo and Mehlen, 1994) . It has been observed that the small hsps participate in the cellular mechanisms that protect cells against the deleterious eects induced by thermal injury or other types of stress (Lindquist, 1986; Lindquist and Craig, 1988; Huot et al., 1991) . For example, in stably transfected murine L929 ®broblasts, constitutive expression of Hsp27 confers resistance to TNF-a and oxidative stress-induced necrosis (Mehlen et al., 1995b) . In these cells, the killing induced by TNF-a and oxidative stress is thought to occur through the accumulation of intracellular ROS, generated from the respiratory chain (Schulze-Ostho et al., 1992) . Cell exposure to TNF-a increases the intracellular concentration of ROS and induces changes in the cellular localisation, structural organisation and phosphorylation of Hsp27 (Mehlen et al., 1995a) . The protective eect of Hsp27 against TNF-a appears mediated by an increase in glutathione (Mehlen et al., 1996a) . More recently, it has been shown that constitutive expression of hsp27 increases resistance to drugs-induced apoptosis (Samali and Cotter, 1996) and blocks Fas/APO1 and staurosporine-induced apoptosis (Mehlen et al., 1996b) . Hence, Hsp27 is able to prevent both apoptotic and necrotic cell death in dierent models.
The present study was undertaken in order to specify how Bcl-2 and Hsp27 work to prevent cell death. We have used rat embryo ®broblasts conditionally immortalised by the tsA58 temperature sensitive mutant of SV40 large T antigen as parental cells to develop P1-Bcl2 and P1-Hsp27 cell lines carrying inducible bcl-2 or hsp27 genes. These cells were induced to apoptosis either by shifting to the restrictive temperature (p53-mediated apoptosis) (Zheng et al., 1994; GueÂ nal and Mignotte, 1995) or subjecting them to moderate oxidative stress with low doses of hydrogen peroxide. We also used higher doses of hydrogen peroxide to induce necrotic death of these cells. The eect of Bcl-2 and Hsp27 overexpression on cell death was studied in relation to speci®c gene induction and mitochondria.
Results

Development of cell lines carrying inducible bcl-2 or hsp27 genes
A tetracycline-regulated gene expression system (established by Gossen and Bujard) was used to develop stable cell lines, using REtsAF rat embryo ®broblast cells as the parental cell line. The experimental procedure followed is described in Materials and methods. Brie¯y, the human bcl-2 (or rat hsp27) cDNA was cloned downstream of a minimal promoter carrying bacterial tOp sequences giving rise to plasmid pBMbcl2 (or pBMhsp27). A cytomegalovirus promoter drives constitutive expression of a tTA fusion protein (plasmid pUHD 15-1). In the absence of tetracycline, the tTA protein binds to tOp and activates transcription of the bcl-2 (or hsp27) expression construct. Conversely, addition of tetracycline inactivates tTa DNA binding, and thereby transcription of bcl-2 (or hsp27). Distinct clones of P1-Hsp27 and P1-Bcl2 cells, displaying tetracycline-regulated gene expression, were selected and expanded. Figure 1a represents Western blots of regulated expression of Hsp27 (and Bcl-2) in one clone of P1-Hsp27 (and one clone of P1-Bcl2) cells upon removal of tetracycline from the culture media. Basal expression of Hsp27 has been estimated to 0.05 ng/mg of total protein when P1-Hsp27 cells are cultivated with tetracycline (the same level is observed in REtsAF parental cells), and accumulation of this protein is evident after 5 days of withdrawal of tetracycline from the culture media (evaluated around 3 ng/mg of total protein). Basal expression of Bcl-2 is undetectable in the P1-Bcl2 cell line when propagated with tetracycline. Upon removal of tetracycline, the accumulation of Bcl-2 is perceptible from 2 days and increases until at least 5 days of culture. It should be noted that the growth characteristics at 338C of both cell lines (population doubling time of approximately 24 h) are identical whether cells are cultivated with or without tetracycline (Figure 1b) .
Morphological features of P1-Bcl2 and P1-Hsp27 cells after induction of cell death
In view of the time necessary for the Hsp27 and Bcl-2 proteins to accumulate upon removal of tetracycline from the culture media (see Figure 1) , each experiment of induction of P1-Bcl2 and P1-Hsp27 cell death was conducted as follows: Cells were seeded and propagated 5 days without tetracycline before induction of apoptotic or necrotic death. In parallel, control cultures were propagated with 1 mg/ml of tetracycline, which inhibited transcription of the hsp27 or bcl-2 gene.
Bcl-2 expression, but not Hsp27, delays p53-mediated apoptosis At the permissive temperature, P1-Bcl2 cells propagated either with or without tetracycline were healthy and morphologically indistinguishable from each other (Figure 2a ). The same observation was made with P1-Hsp27 cells (Figure 2b ). When P1-Bcl2 and P1-Hsp27 cells are shifted at the restrictive temperature, heat inactivation of large T antigen causes p53 release and apoptotic cell death. Indeed, after 16 h at 39.58C, apoptosis of the control P1-Bcl2 and P1-Hsp27 cells is morphologically characterised by cell shrinkage and rounding up, followed by detachment from the surface (Figure 2c and 2d, +tetra-cycline). The low abundance of cells presenting morphological indications of apoptotic death in Bcl-2-expressing cell cultures suggested that Bcl-2 is responsible for the sustained viability of these cells (Figure 2c, 7tetracycline) . This was not the case for Hsp27-expressing cells (Figure 2d, 7tetracycline) . Similar results have been also observed with other P1-Bcl2 and P1-Hsp27 clones (data not shown). These observations were con®rmed by studying the kinetics of apoptotic cell death in Bcl-2 and Hsp27-expressing cells, as compared to their respective controls (cells propagated with tetracycline). In fact, at the restrictive temperature, the number of trypan blue negative cells was rapidly lost by the Bcl-2-negative cell line ( Figure  3a , closed circle), while Bcl-2-expressing cells showed moderate death (Figure 3a , open circle). The long term protective eect of Bcl-2 on cell viability at 39.58C has also been revealed by studying the relative plating eciency of P1-Bcl2 cells. As can be seen in Figure 3b , 24 h spent at 39.58C profoundly aected the ability of P1-Bcl2 cells (with tetracycline) to form colonies, while around 40% of Bcl-2-expressing cells preserved this capacity. Bcl-2 and Hsp27 expression delays H 2 O 2 -mediated necrosis When P1-Bcl2 and P1-Hsp27 control cells were treated with high doses of H 2 O 2 (700 mM), a cell death presenting typical morphological features of necrosis was obtained ( Figure 2g and 2h, +tetra-cycline). Indeed, contrary to apoptotic death, necrotic cells do not round up but rather remain attached to the surface, and death is visualised by lysis of the cells. Conversely, Bcl-2-expressing (Figure 2g , 7tetracycline) and Hsp27-expressing (Figure 2h , 7tetracycline) cell cultures presented very few area of necrotic death, thus indicating that expression of either Bcl-2 or Hsp27 is able to delay H 2 O 2 -induced necrotic death. 3)). Note that when apoptosis is induced with H 2 O 2 treatment, a DiOC 6 (3) low cell population appears, whereas few such cells can be seen after p53-dependent apoptosis. Conversely, for cells subjected to p53-dependant apoptosis, the loss of mitochondrial membrane potential is concomitant with loss of cell size. Table 1) . This result suggests a protective role for Bcl-2 at the time when cells pass from DiOC 6 (3) low (with unchanged cell size) to DiOC 6 (3) low/FSC low. Taken together, these results suggest that Bcl-2 not only delays the loss of DC m but moreover allows cells to stay longer with a low DC m before they continue the cell death process.
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As expected, analysis conducted on P1-Hsp27 cells revealed no in¯uence of Hsp27 expression on the kinetics of H 2 O 2 -induced apoptosis (Figure 7b ).
Eect of Bcl-2 and Hsp27 on mitochondria during necrotic death
Treatment of P1-Bcl2 and P1-Hsp27 cells with 700 mM H 2 O 2 leads to necrotic death (see Figure 2g and 2h) . Cells undergoing necrosis die by lysis. Thus¯ow cytometry cannot be used to analyse the DC m of these cells, because it requires trypsination of cells prior to i i analysis. We have therefore investigated the eect of Bcl-2 and Hsp27 on the mitochondria of necrotic cells by epi¯uorescence microscopy following in vivō uorescent labelling with DiOC 6 (3). Membrane integrity was assessed by staining cells with PI.
The mitochondrial network, intensely illuminated by the green¯uorescence of DiOC 6 (3), was observed in control cultures at 338C of P1-Bcl2 (Figure 8a ) and P1-Hsp27 cells (Figure 8b ). Note that tetracycline alone has no eect on the control cells. Upon induction of necrosis of Bcl-2-negative (Figure 8a , necrosis+tetracycline) or Hsp27-negative (Figure 8b , necrosis+tetracycline) cell line two distinct categories of cells were visualised: (i) PI negative cells emitting diuse green¯uorescence, indicating that the mitochondrial organisation has been profoundly altered; (ii) cells emitting intense red PI¯uorescence, which have lost their plasma membrane integrity. These cells are no longer labelled with DiOC 6 (3), as organelle swelling has occurred. Conversely, In Bcl-2-expressing ( Figure  8a , necrosis7tetracycline) or in Hsp27-expressing cells (Figure 8b, necrosis7tetracycline ), very few PI positive cells were observed. Moreover, in most PI negative cells, DiOC 6 (3) staining of mitochondria can still be detected although disruption of the mitochondrial network has begun. Thus expression of Bcl-2 or Hsp27 leads to a slowing down of necrotic death process in P1-Bcl2 or P1-Hsp27 cells.
Eect of Bcl-2 and Hsp27 on speci®c genes induced during apoptosis p53-mediated apoptosis As previously described, apoptosis of REtsAF cells at restrictive temperature is mediated by the release of wild-type p53 from large T antigen (Zheng et al., 1994) . The ability of the p53 protein to act as a sequence-speci®c transcriptional activator leads to the transcription of target genes such as mdm-2, waf1, and bax (Zheng et al., 1994; GueÂ nal and Mignotte, 1995) . An induction of hsp27 gene is also visible a few hours after the shift to the restrictive condition (IG), unpublished result). This induction can be related to the apoptotic process since it is not observed in variants of REtsAF that do not undergo apoptosis at the restrictive temperature.
With the aim to better understand the protection exerted by Bcl-2 in our model of apoptosis, we have investigated the events associated with the functioning of the p53 protein. To carry out this study, we have assessed by Western blot analysis the levels of various proteins of P1-Bcl2 and P1-Hsp27 cells during restrictive temperature-induced apoptosis. The results obtained for both cell lines are depicted in Figure 9 . Firstly, as expected, for both cell lines which are derived from the parental REtsAF cells, the level of p53 protein started decreasing 16 h after induction of apoptosis, re¯ecting its diminished stability as a Figure 8 Eect of Bcl-2 and Hsp27 on the membrane integrity and on the pattern of the mitochondrial network in P1-Bcl2 and P1-Hsp27 cells after induction of necrosis. For both cell lines after 5 days of pre-culture + tetracycline (1 mg/ml) at 338C, necrosis was induced by the addition of 700 mM of H 2 O 2 . The mitochondrial network is visualized after cells were stained with the¯uorochrome DiOC 6 (3) (emitting green¯uorescence), whereas the membrane integrity is assessed by staining cells with PI (red¯uorescence), as described in Materials and methods. Photographs (bar=20 mm) were taken with a¯uorescent microscope (Leitz DMRB Leica) and are representative of three distinct experiments, in each of which approximately ten pictures were examined consequence of its release from large T antigen (Zheng et al., 1994 Bax Figure 10 Protein levels in P1-Bcl2 and in P1-Hsp27 cells after induction of H 2 O 2 -mediated apoptosis. Apoptosis was induced at 338C by treating cells with 150 mM H 2 O 2 after ®ve days of pre-culture + 1 mg/ml of tetracycline. For each Western blot experiment, 100 mg of total protein lysate were loaded per lane, except for detection of Hsp27 carried out from Western blot experiments where 10 mg of total protein lysate were loaded per lane. Each blot was successively exposed to antibodies to Waf1, p53, Bcl-2 and Bax. The + and 7 signs refer respectively to cell cultured with or without tetracycline. Analysis was performed at least three times with similar results
Discussion
The experiments reported here have been performed in order to locate Bcl-2 and Hsp27 action in relation to gene induction (GueÂ nal and Mignotte, 1995) and to the decrease of mitochondrial transmembrane potential (DC m ) occurring during the apoptotic process. Apoptosis of P1-Bcl2 and P1-Hsp27 cells, carrying inducible bcl-2 or hsp27 genes and derived from the parental REtsAF cells, was induced by two dierent means: shift to the restrictive temperature and moderate oxidative stress. Upon a shifting to the restrictive temperature these cells undergo p53-dependent apoptosis (Zheng et al., 1994) . Early in this process, cells exhibit a decrease of DC m occurring simultaneously with cell shrinkage . In contrast, during hydrogen peroxide-induced apoptosis, the decrease of DC m preceeds the reduction in cell size, suggesting that mitochondrial membranes are one of the primary targets of hydrogen peroxide (this paper).
In agreement with this suggestion, when yeast cells are given similar doses of H 2 O 2 , they display a decrease in DC m that is not followed by an apoptotic death but only by a transient cell cycle arrest (SG, unpublished results). Some results suggested that Bcl-2, in addition to its possible functions in the endoplasmic reticulum (Lam et al., 1994) , nuclear envelope (Ryan et al., 1994) and mitochondria (Zamzami et al., 1996a) , may also operate at the chromosomes of mitotic nuclei (Lu et al., 1994) and may counteract apoptosis by inhibiting expression of speci®c nuclear genes (Ivanov et al., 1995; Grimm et al., 1996) . A study performed with breast epithelial cells reported that Bcl-2 suppresses expression of the p53-target genes and suggested that Bcl-2 may inhibit p53 functional activity. Thus, it has been proposed that Bcl-2 is involved in the regulation of an early commitment step determining whether cells proliferate or die (Upadhyay et al., 1995) . Our results obtained with P1-Bcl2 cells during p53-mediated apoptosis do not support this hypothesis: overexpression of bcl-2 does not abolish the induction of the p53-target genes waf1 and bax. A similar observation has also been made during apoptosis induced by a temperature sensitive p53 (Guillouf et al., 1995; Wang et al., 1995) . Furthermore, our results show that Bcl-2 might even allow an apparently longer waf1 induction, which suggests that Bcl-2 may permit cells expressing high levels of Waf1 to survive longer in culture. Alternatively, Bcl-2 could indirectly upregulate Waf1 and permit growth arrest rather than apoptosis (Guillouf et al., 1995; Polyak et al., 1996) . Whatever the case, Bcl-2 can protect P1-Bcl2 cells from p53-mediated apoptosis without inhibiting induction of p53 target genes and thus acts exclusively downstream from p53. Bcl-2 also protects P1-Bcl2 cells from apoptosis induced by hydrogene peroxide. During this process, although p53 remains inactivated by large T antigen, as evidenced by the lack of p53 level decrease and Bax induction, Waf1 level increase. A similar p53-independent pathway for activation of waf1 expression has been observed following an oxidative stress (Russo et al., 1995) . Similar to the results obtained during p53-mediated apoptosis, Bcl-2 does not inhibit accumulation of Waf1 and may allow a sustained survival of Waf1-expressing cells during H 2 O 2 -mediated apoptosis. Thus, whatever the stimulus, Bcl-2 protects cells without signi®cantly inhibiting p53-target genes induction, suggesting that it does not play a role during the induction phases of apoptosis.
Stable overexpression of bcl-2 has been shown to increase DC m of L929 cells and this eect has been suggested to be linked to its anti-apoptotic activity since the ionophore nigericin, known to increase DC m has a similar eect (Hennet et al., 1993) . However, we show here that bcl-2 overexpression in P1-Bcl2 cells at the permissive temperature is not associated with an increase in DC m . This discrepancy may result from dierences between the two cell lines. Alternatively, the increase in DC m observed in L929 cells may be a long term consequence of bcl-2 overexpression. The kinetic analysis of events occurring during P1-Bcl2 apoptosis induced either at the restrictive temperature or by hydrogen peroxide shows, in agreement with other results Susin et al., 1996; Zamzami et al., 1996b) , that Bcl-2 delays the decrease of DC m occurring during early apoptosis. Furthermore, during hydrogen peroxide-induced apoptosis the kinetics of passage from cells with low DC m and normal size to cells with low DC m and small size is also slowed down by bcl-2 overexpression. Thus, Bcl-2 also inhibits changes occurring after the DC m decrease, suggesting that it could either inhibit cytoskeleton rearrangement occurring during apoptosis or could allow cells to endure a low DC m for a longer time before the cell death process continues.
We have found that the cell death induced by 150 mM hydrogen peroxide is apoptotic, while a 700 mM treatment leads to necrotic death. This result is in agreement with previous works showing that the same physiological signals (TNF-a) (Laster et al., 1988) or the same chemical or physical stresses (Lennon et al., 1991) may induce apoptosis or necrosis depending on the dose and/or the cell type. Bcl-2 protects against H 2 O 2 -induced apoptotic death but also necrotic cell death, which is in agreement with previous results showing that Bcl-2 may protect cells from necrosis (Kane et al., 1995; Subramanian et al., 1995; . It suggests that Bcl-2 can counteract the oxidative stress following exposure to H 2 O 2 and/or that one step of apoptosis controlled by Bcl-2 is also involved in necrosis.
In contrast, in this cell system, Hsp27 does not delay apoptosis induced by p53 activation or moderate oxidative stress. No eect of hsp27 overexpression is found either at the level of the pattern of gene induction or at the level of the decrease in DC m . Thus, although hsp27 expression is known to mediate an increase in glutathione capable of protecting cells against oxidative stress or TNFa-induced necrotic cell death (Mehlen et al., 1995b (Mehlen et al., , 1996a , its overexpression does not delay the decrease of DC m observed during apoptosis of REtsAF-derived cells induced by oxidative stress. However, we show that Hsp27 can delay necrosis induced by H 2 O 2 showing that it is indeed capable of inhibiting oxidative stress-induced cell death. It could seem contradictory that, in our cell system, Hsp27 inhibits cell death induced by 700 mM of H 2 O 2 but is inecient in preventing cell death induced by lower doses. This suggests that Hsp27 is indeed capable of preventing cellular damages produced by H 2 O 2 but that it is not able to prevent early irreversible Bcl-2 and Hsp27 effects on cell death I Gue Â nal et al events of apoptosis occurring in P1-Hsp27 cells. In agreement with this hypothesis some P1-Hsp27 cells protected from necrosis by Hsp27 seem to ®nally die by apoptosis (data not shown). It has been shown that Hsp27 blocks Fas/APO-1-based and staurosporineinduced apoptosis of L929 cells (Mehlen et al., 1996b) while Bcl-2 inhibits staurosporine-induced apoptosis (Jacobson et al., 1994; Jacobson and Ra, 1995) but only weakly Fas/APO-1-mediated apoptosis (Itoh et al., 1993; Reed, 1994) . We show here that Bcl-2, but not Hsp27, delays p53-mediated apoptosis of REtsAF-derived cells which suggest that apoptosis of these cells involves an Hsp27-independent pathway. However, it remains possible that the basal level of Hsp27, although very low in REtsAF-derived cells, confers maximum protection against apoptotic events inhibitable by Hsp27. Furthermore, the fact that the apoptotic stimuli used in this study (temperature shift or hydrogen peroxide treatment) induce Hsp27 accumulation suggest that this increase in Hsp27 level may be enough to provide a protection to REtsAF cells. Whatever the case, these results show that Hsp27 and Bcl-2 act at dierent levels to prevent apoptosis. Oxidative stress can damage cells by lipid peroxidation and alteration of protein and nucleic acid structure. To prevent oxidative damage, mammalian cells have developed an antioxidant defence system that includes nonenzymatic antioxidants (eg. glutathione) as well as enzymatic activities (eg catalase, superoxide dismutase) (Pinkus et al., 1996) . However, ROS also play a role in physiological systems: they were shown to be responsible for the inducible expression of genes associated with in¯ammatory and immune responses. Current evidence indicates that dierent stimuli use ROS as signalling messengers to activate transcription factors, such as AP-1 and NF-kB, and induce gene expression (Pinkus et al., 1996) . Moreover, several observations suggest that ROS might mediate apoptosis (Buttke and Sandstrom, 1994) . Although the role of ROS in the execution of the cell death programme is largely con¯icting, there is now compelling evidence that ROS can activate apoptosis (Jacobson, 1996) . One possible explanation of the eect of Hsp27 on apoptosis and necrosis is that necrosis is mainly the consequence of cellular damage that can be minimized by overexpression of Hsp27, while low doses are sucient to activate an Hsp27-independent apoptotic programme.
In conclusion, depending on the cell system and/or of the stimuli, Bcl-2 and/or Hsp27 can protect cells from apoptotic death. In addition, both are capable of protecting cells against oxidative damages leading to necrosis. Taken together, these results suggest that Bcl-2 and Hsp27 act at several levels to protect cells against apoptosis but that their function does not totally (if any) overlap.
Materials and methods
Plasmids construction
Plasmid pUHD15-1 is a tet repressor-herpes simplex virus transactivator protein VP16 (tTA) fusion-protein expression construct; plasmid pUHD10-3, tTA-responsive construct, contains tet operator (tOp) sequences. These two plasmids were derived from those described by Gossen and Bujard (1992) and were provided to us by Dr B Henglein (Institut Curie, Paris, France), after he has modi®ed these constructs by cloning (i) the puromycin resistant gene (1.2 kb) into the XhoI site of pUHD15-1 and (ii) a SV40 polyadenylation sequence into the XhoI site of pUHD10-3 (Schulze et al., 1995) . The cDNA encoding human bcl-2 (nucleic acid sequence from 1 to 1855) was subcloned from plasmid SFFV-Bcl-2 nl, provided to us by Dr SJ Korsmeyer (Howard Hughes Medical Institute, St Louis, USA), into the EcoRI site of pUHD10-3, giving rise to pBMbcl2. Plasmid pBMhsp27 was constructed by subcloning the cDNA encoding rat heat shock hsp27 from plasmid pBSlzap-hsp27 (I GueÂ nal, unpublished results) between the EcoRI and XhoI sites of pUHD10-3.
Development of Bcl-2 and Hsp27-expressing cell lines
The temperature-sensitive REtsAF cell line was selected and isolated at 338C at low density from a rat embryo ®broblast culture infected with a tsA58 mutant of SV40. When cultures are shifted at the non-permissive temperature (39.58C), cells undergo apoptotic death. REtsAF cells were stably transfected (Lipofectin technique-Life Technologies) with the tTA expression plasmid pUHD15-1, providing resistance to puromycin. Cells were selected in medium containing puromycin (1 mg/ml, Gibco) and tetracycline (1 mg/ml, Sigma). Resistant colonies were clones and expanded yielding tTa producing REtsAF cells. This cell line was named P1.
One of these clones was stably cotransfected with PSVtkneob (providing resistance to geneticin) and either pBMbcl2 or pBMhsp27 at a 1 : 10 ratio. Transfected cells were selected in medium containing puromycin (1 mg/ml), G418 (Geneticin 250 units/ml, Gibco) and tetracycline (1 mg/ml). Several resistant P1-Bcl2 and P1-Hsp27 clones were isolated and tested respectively for the expression of Bcl-2 and Hsp27 proteins, following removal of tetracycline from the culture media.
All constructs were active in tTA-producing cells in a tetracycline-dependent manner.
The P1-Bcl2 clone used for this study gives an increase in Bcl-2 level of at least 10 ± 20-fold after 5 days of induction. Quantitative estimation has not been done since puri®ed Bcl-2 is not commercially available.
For the P1-Hsp27 clone selected for this work, quantitative analysis performed with murine puri®ed Hsp27 protein (StressGen) indicates that the basal level of Hsp27 in this cell line propagated with tetracycline is around 0.05 ng/mg of total protein. After 5 days of induction without tetracycline, this level reaches about 3 ng/mg of total protein.
Cell culture conditions
P1-Bcl2 and P1-Hsp27 cell lines were propagated in DMEM/HAMF12 (vol/vol, Gibco) medium supplemented with 2% serum substitute (Ultroser-G, Gibco) plus penicillin (100 mg/ml) and streptomycin (100 U/ml) under 5% CO 2 ).
Cells were routinely maintained at 338C in the presence of puromycin and tetracycline (both at 1 mg/ml ®nal concentration) and were regularly screened for the absence of mycoplasma.
Induction of cell death: apoptosis or necrosis
Before each experiment of induction of cell death, P1-Bcl2 cells were seeded in 60 mm dishes at a concentration of 2 to 6610 4 cells and propagated for ®ve days without tetracycline in the culture media, in order to allow accumulation of the Bcl-2 protein. In parallel, control P1-Bcl2 cultures were propagated in the presence of 1 mg/ml of tetracycline, which prevents the association of the transactivator tTa with the tetO sequence and hence inhibits transcription of bcl-2. This same procedure was followed when studying the P1-Hsp27 cell line.
For both cell lines after ®ve days of`pre-culture' with or without tetracycline, apoptotic cell death was induced either by shifting cell cultures at the restrictive temperature (39.58C) or by treating cells at the permissive temperature with 150 mM hydrogen peroxide (H 2 O 2 3%, Sigma).
Necrosis was obtained by treating cells at the permissive temperature (after 5 days of pre-culture with or without tetracycline) with hydrogen peroxide at a ®nal concentration of 700 mM.
Kinetics of cell death
Inhibition of cell proliferation was evaluated in relation to the time after induction of cell death. At the end of each treatment time, the eect was quanti®ed by determining the proportion of live cells (estimated by trypan blue dye exclusion), expressed as percentage of the untreated cell population.
At dierent times after induction of cell death, the longterm cytotoxic eect was evaluated by studying the relative plating eciency of treated cells. To carry out this study, 1610 3 treated and untreated cells were seeded into 100 mm dishes and incubated at 338C for 15 days. At the end of this incubation time, the colonies were stained with Coomassie blue (Coomassie blue 0.1%, acetic acid 10%, methanol 50%). Relative plating eciency values were expressed as percentage of the number of colonies formed by untreated cells.
Conditions of staining with DiOC 6 (3) and PI
Propidium iodide (PI, Sigma) is a non-speci®c DNA intercaling agent which is excluded by the plasma membrane of living cells. Stock solution of PI was prepared in distilled water at 1 mg/ml and kept in the dark at 7208C. PI (l Ex max 540 nm; l Em max 625 nm) was used at 10 mg/ml ®nal concentration and the¯uorescence was immediately evaluated by¯ow cytometry. DiOC 6 (3) (3.3'-Diethyloxacarbocyanine, Molecular Probes) is a lipophilic dicarbocyanine dye. It is a positively charged molecule that passes through the plasma membrane and partition into the lipid phase of all intracellular membranes. At low doses, the positive charge of the dye causes it to accumulate into mitochondria under the in¯uence of negative mitochondrial membrane potential (Korchak et al., 1982; Koning et al., 1993; Suzuki et al., 1994) . The stock solution of DiOC 6 (3) (l Ex max 484 nm; l Em max 501 nm) was prepared at 0.5 mM in ethanol and kept in the dark at 7208C. For mitochondrial membrane potential measurements, cells (10 6 per ml) were incubated in culture media with 0.1 mM of DiOC 6 (3) for 30 min at 338C, before the addition of PI and analysis of the sample by¯ow cytometry.
With PI, cells were considered positive when their uorescence intensity was higher than that of control cells. With DiOC 6 (3), cells were considered`low' (DiOC 6 (3) low cells) when their¯uorescence intensity was lower than those of control cells (DiOC 6 (3) high cells), while keeping normal light scatter properties.
Flow cytometry
Flow cytometric analysis were performed on a ELITE ESP ow cytometer (COULTER). Fluorescence excitation was obtained through the blue line (488 nm) of an argon ion laser operating at 15 mW. Green¯uorescence of DIOC 6 (3) was collected with a 525 nm band pass ®lter and red uorescence of PI with a 610 nm band pass ®lter. Analysis were performed on 10 000 cells and data were stored in listmode. Light scatter values were measured on linear scale of 1024 channels and¯uorescence intensities on a logarithmic scale of¯uorescence of four decades of log.
Western blot analysis
Cells were rinsed twice in cold PBS, collected with a scraper and lysed by the addition of 0.5% of Nonidet-P40. Crude extracts (60 to 100 mg of protein; 10 mg for detection of Hsp27 protein) were analysed by SDS ± PAGE in 15% acrylamide, 0.2% bisacrylamide. For Western blotting, proteins were transferred to nitrocellulose membrane (Schleicher & Schuell) according to Towbin et al. (1979) . Blots were exposed to the ®rst antibody (mouse or rabbit Ig) overnight at 48C and then to horseradish peroxydaseconjugated anti-mouse (or rabbit) immunoglobulin serum (Biosystem) for 1 h at room temperature. The immunoreactivity was revealed using the Amersham ECL kit.
To carry out this study, blots were successively exposed to the following antibodies: anti-Waf1 (C-19); anti-p53 (clone pAb122); anti-Bcl-2 (clone 100) and anti-Bax (N-19). Duplicate Western blots loaded with 10 mg of protein from crude extracts were performed and exposed to anti-Hsp27 (SPA-801). All antibodies were purchased from Santa Cruz, with the exception of anti-p53 (generous gift from Dr E May, Villejuif, France) and anti-Hsp27 (StressGen Biotechnologies Corp.).
In vivo¯uorescent labelling of mitochondria P1-Bcl2 and P1-Hsp27 cells were seeded on glass coverslips and propagated with or without tetracycline (1 mg/ml) at 338C for 5 days before the induction of cell death, after which they were stained with DIOC 6 (3) and PI as described above. Coverslips were placed on a slide chamber containing fresh medium and cells were then immediately examined by epi¯uorescence and photographed under a Leitz DMRB Leica microscope.
